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Hydrogen doped ZnO thin films were deposited by radio frequency magnetron sputtering from a ceramic
target onc-plane sapphire and fused silica using H2 and O2 as reactive gases. Structural analysis revealed
that all films are polycrystalline with thec axis oriented perpendicularly to the substrate surface. The lateral
grain size was strongly affected by the oxygen content of thesputtering gas and decreased dramatically above a
critical content of 4.5 %. The carrier density of the films could be adjusted by the deposition parameters to any
value between 1014 and 2× 1020 cm−3. Temperature dependent Hall-effect measurements identified thermionic
emission over Coulomb-barriers created by surface trap states at the grain boundaries and tunneling effects to
dominate the carrier transport. The dependence of the optical band gap energy on the carrier density was deter-
mined and is well described byab-initio calculations including Burstein-Moss shift, band gap renormalization,
and excitonic effects.
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I. INTRODUCTION

Transparent conductive oxides (TCO) are used as contacts
in flat panel displays and solar cells whenever transparency
and low electrical resistivity are demanded. Especially, alu-
minum doped ZnO (AZO) films offer promising properties
to replace indium-tin-oxide which still has the highest per-
formance but might exhibit a strong increase in future pro-
duction costs since indium has been identified as an element
where reserves will be exhausted in the near future.1 In the
last years not only the demand on these highly conducting
materials with carrier densities in the range of 1020 to 1021

cm−3 increased but the TCOs are building blocks for transpar-
ent electronic devices like diodes, thin film transistors (TFT),
and even integrated circuits.2

In the 1950’s E. Mollwo3 and D. G. Thomaset al.4 were
the first to discover that by hydrogen diffusion into ZnO bulk
crystals the resistivity strongly decreases. Almost 50 years
later the formation of a shallow donor level due to hydrogen
incorporation was described theoretically by Van de Walle5

and experimentally proven by several groups.6,7 At present
there are two types of shallow hydrogen donors proposed by
first-principle calculations. One is formed when a hydrogen
atom is incorporated on an interstitial bond-centered lattice
site5 (HBC) while the other is caused by the occupation of an
oxygen vacancy by a hydrogen atom (HO).8 Lavrovet al.9 in-
vestigated these two hydrogen donors in bulk ZnO and found
activation energies of 53 meV for HBC and 47 meV for HO,
respectively. They also found that HBC is unstable by an-
nealing above 190◦ C and provided evidence that HBC defects
recombine to electrically inactive H2 molecules. So far, the

thermal stability of HO was mainly studied by photolumines-
cence spectroscopy. It gives rise to the I4 donor bound exciton
at 3362.8 meV. In these investigations it was shown that HO is
unstable against annealing at temperatures above 500◦ C.10,11

In addition to the configurations mentioned above, there are
indications for further hydrogen related shallow donors. For
example after hydrogenation two donors with ionization ener-
gies of 35 and 42 meV appeared.7,9 However, so far the mi-
croscopic structure of these defects is unknown.

Besides the investigation of hydrogen in bulk ZnO also hy-
drogen doping of thin films by reactive radio frequency sput-
tering was reported.12,13 Adding hydrogen to the deposition
process or post annealing in hydrogen atmosphere is also used
to improve the conductivity of films already doped with alu-
minum or gallium donors.14–20

The carrier density of ZnO TCO-layers can be influenced
by the oxygen content of the sputtering gas. This is typically
explained by electron trapping at additional oxygen atoms.21

When depositing at room temperature a fine tuning of the elec-
trical properties is hard to achieve since the dependency on
the oxygen content of the sputtering gas is rather sensitive.22

This is the case for nominally undoped ZnO films as well as
for films doped with group III elements.21,22Therefore, it can
be hard to adjust the carrier density to the value needed for
a specific application. We found that using a mixture of hy-
drogen and oxygen as reactive gas in a sputter deposition pro-
cess is suitable for a good control of the electric properties of
ZnO thin films deposited at room temperature. We were able
to adjust the carrier density in a wide range from 1014 up to
2×1020 cm−3. Besides the tuning of the electrical proper-
ties we analyzed the dependence of the crystal structure and
the growth mechanism on the deposition parameters and the
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optical film quality.

II. EXPERIMENTAL DETAILS

Hydrogen doped ZnO films were deposited by radio fre-
quency (RF) magnetron sputtering from a 3 in. high pu-
rity (99.999%) ceramic ZnO target. A constant hydro-
gen to argon ratio of 1/12 was used which equals the opti-
mum ratio observed in previous experiments to obtain a low
film resistivity.12 Additionally oxygen was added to the ar-
gon hydrogen mixture varying the content from 0 to 17 %
(O2/(Ar+H2+O2)). The purities of the argon, molecular hy-
drogen (H2), and molecular oxygen (O2) gas were 99.999%,
99.999% and 99.998%, respectively. The RF power was fixed
at 200 W and the base chamber pressure was below 1× 10−4

Pa. The work pressure was set between 0.4 and 0.9 Pa depend-
ing on the total gas flow. Films were grown on fused silica and
c-sapphire [(0001)-oriented] substrates.

The crystal structure of the films was analyzed with a
Siemens D5000 X-ray diffractometer in Bragg-Brentano ge-
ometry using the Kα radiation of the copper anode. Scanning
electron microscopy (SEM) images of the surface and cross-
section of the films were taken with a Leo Gemini 982 micro-
scope. Hall-effect measurements were performed in the Van
der Pauw arrangement with an applied magnetic field of 1 T.
For these measurements the samples were placed in an evac-
uated cryostat allowing temperatures between 35 and 400 K.
To obtain ohmic contacts indium was soldered onto the layers
at 200◦ C. A Lambda 900 spectrometer from Perkin-Elmer In-
struments was used to measure the optical transmittance in a
wavelength range from 250 to 3000 nm. The film thickness
was determined from the interference fringes in the transmit-
tance spectra.

To eliminate thickness-dependent effects when comparing
the results for different deposition parameters all films were
grown 500± 50 nm thick. Additionally, a series with film
thicknesses from 10 up to 3000 nm were deposited for further
analysis.

III. RESULTS AND DISCUSSION

A. Structural properties

X-ray diffraction analyses revealed that all films are poly-
crystalline with thec axis oriented perpendicularly to the sub-
strate surface. Therefore, the (0002) reflex is the only visi-
ble one in theθ /2θ scan besides the substrate related reflexes
observed when growing on sapphire. Figure1(a) shows ex-
emplarily the diffraction pattern (normalized intensities) of a
hydrogen doped film deposited without oxygen (dashed line)
and a film deposited with the highest oxygen flow used in our
experiments (solid line), both grown on sapphire. From the
angular position of the (0002) reflex thec-axis lattice con-
stant can be derived. For hydrogen doped films deposited
without oxygen we observed an increase in lattice constant
(cdop. ≈ 5.26Å) compared to nominally undoped ZnO films

FIG. 1. (Color online) a) X-ray diffraction pattern of a hydrogen
doped film deposited on sapphire without oxygen (black solidline)
and a hydrogen doped film deposited with 17 % oxygen (red dashed
line) in the sputtering gas. Dotted lines mark the (0002) peak position
of bulk ZnO and nominally undoped sputter deposited ZnO films.
b) Dependence of the full width at half maximum (FWHM) of the
(0002)-reflex on the oxygen content of the sputtering gas.

(cund. ≈ 5.23Å). The latter was prepared with similar depo-
sition parameters and film thickness, as the hydrogen-doped
film. Its reflex position is marked by the dotted line. This
value for the lattice constant is already larger than the liter-
ature value of bulk ZnO (cbulk ≈ 5.21Å, dot-dashed line).23

Adding oxygen to the sputtering process induces ac-axis
shrinkage for the films grown on sapphire approaching the
value of the undoped films. A similar behavior was not ob-
served for the films on fused silica where thec-axis lattice
parameter stayed more or less constant.

Variations of thec-axis lattice constant due to stress are
commonly observed for films deposited by sputtering tech-
niques and reduce with increasing film thickness since the
material relaxes.24 A possible explanation for the additional
increase of the lattice constant with hydrogen doping is either
higher stress due to the deposition process, or the incorpora-
tion of impurities which spread the lattice. According to the
hydrogen doping process favored candidates in this case are
the incorporation of hydrogen on an interstitial position (for
instance HBC) or an oxygen reduction of the material which
might lead to a higher concentration of interstitial zinc atoms
(Zni). A largerc-axis lattice constant upon hydrogen doping
was reported before and is in most cases attributed to the in-
corporation of HBC.13 Parket al.25 found an increased unit
cell volume which is in accordance with Van de Walles cal-
culations on HBC.5 Since we observe only the (0002) reflex
in the diffraction patterns no information on the unit cell vol-
ume is provided and a distinction between whether the lat-
tice spread is caused by stress or impurity incorporation isnot
possible. Previous experiments, however, propose that HBC
is not the dominant defect in our films since we observed the
hydrogen content and electrical properties to be stable foran-
nealing of 200◦ C where HBC induced donors should vanish
already.12

Figure1(b) shows the full width at half maximum (FWHM)
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FIG. 2. SEM images of hydrogen doped films deposited without (a,
c) and intermediate oxygen flow (b, d). The surface images (a,b)
were taken from two 500 nm thick films while for the cross-section
view (c, d) films with 3000 nm thickness are displayed.

of the (0002) reflex and its dependency on the oxygen content
of the sputtering gas. With hydrogen doping the FWHM in-
creases compared to the undoped reference samples, where
we typically observe values around 0.2◦ to 0.3◦, to approx-
imately 0.85◦ for films on sapphire and 0.98◦ for films on
fused silica. Adding oxygen to the sputtering process de-
creases the FWHM continuously for the films deposited on
sapphire while for the films on fused silica the FWHM sud-
denly increases to 1.15◦ at an oxygen content of the sputter-
ing gas of about 4.5 %. From there on a steady decrease with
increasing oxygen content is observed.

A smaller FWHM indicates a better crystalline quality and
is assigned to a bigger grain size. Since the (0002) reflex is
correlated only to planes perpendicular to thec axis the infor-
mation on the grain size is also limited to this direction. To
provide direct information on the lateral grain size we took
surfaces images via SEM. Figure2 shows surface and cross-
sectional images of hydrogen doped films deposited with and
without oxygen flow. By depositing without oxygen a lateral
grain size around 100 to 200 nm is reached at a film thick-
ness of 500 nm [cf. Fig.2(a)]. In the following, these type
of films are referred to as “big crystallites”. When increasing
the oxygen flow the grain size stays constant until for oxygen
contents of the sputtering gas higher than 4.5 % the growth
behavior changes resulting in lateral grain sizes of about 30
nm with a much lower size distribution [Fig.2(b), referred
to as “small crystallites”]. This change coincides with the
sudden increase of the FWHM of the (0002) reflex already
described before. The different growth behavior is also visi-
ble in the cross-section images. The films deposited without
oxygen start to form small crystallites on the substrate which
combine to bigger ones with increasing film thickness [cf. Fig.
2(c)]. In contrast to that the films deposited with high oxygen
content show a homogeneous columnar structure were the lat-
eral grain size is almost constant over the whole film thickness
[see Fig.2(d)].

FIG. 3. (Color online) Dependency of the lateral grain size derived
from SEM surface images on the film thickness for two different
oxygen contents of the sputtering gas.

We further investigated the dependence of the grain size on
the film thickness by analyzing the SEM surface images to
prove the assumptions from the cross-section images (see Fig.
3, note the logarithmic scale). For the films composed of “big
crystallites” the lateral grain size is strongly thicknessdepen-
dent and increases continuously for thicker films. Addition-
ally the grains are widely distributed in size. In the oxygen
flow region where the homogeneous columnar growth with
the “small crystallites” occurs the lateral grain size stays al-
most constant for film thicknesses above approximately 200
nm.

The SEM images, in accordance with the decrease of the
FWHM of the (0002) reflex, show an increasing grain size
perpendicular to the substrate with increasing oxygen flow
[compare Fig.2(c) and2(d)]. Nevertheless the size evalu-
able from the diffraction patterns by the Scherrer equation26

is much smaller than the one suggested from the SEM images
which show crystallite lengths in the region of the film thick-
ness for high oxygen flows. Such discrepancies have been re-
ported and were assigned to a broadening of the FWHM due
to instrumental and stress-induced effects.27 Additionally, the
crystal quality (e.g. stacking faults) is an influencing factor.28

For aluminum doped ZnO films transmission electron mi-
croscopy (TEM) investigations also revealed that columnar
grains do not have to be single crystals but can consist of
smaller slightly tilted crystallites.29,30

B. Electrical properties

The resistivity and carrier density of the hydrogen doped
films determined via Hall-effect measurements are shown in
Fig. 4. With hydrogen doping the resistivity can be decreased
over three orders of magnitude to the low 10−3 Ωcm com-
pared to undoped films grown with similar deposition param-
eters and film thickness (cf. Fig.4, red dots). This goes along
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FIG. 4. (Color online) Resistivity (ρ) and carrier concentration (n) of
films deposited with different oxygen content in the sputtering gas.
The dots mark the values of nominally undoped ZnO films deposited
with the same parameters and the arrows indicate the trends when
adding oxygen only.

with an increase of the carrier density from the low 1018 cm−3

to approximately 2× 1020 cm−3. Based on our previous stud-
ies we used a hydrogen to argon ration of 1/12, which gave
the best electrical properties.12

Then-type conductivity of nominally undoped sputter de-
posited ZnO is often attributed to a zinc rich stoichiometry
which gives rise to native defects like Zni andVO. However,
the oxygen vacancy was calculated to form a 1 eV deep donor
(see Ref. 31 and references therein) and should therefore not
contribute to the conductivity. Zinc interstitials are known
to form shallow donors but there are studies proposing that
they will not be stable at room temperature.32 Disregarding
the native defects it is likely that impurities originatingfrom
the sputter environment, the residual gas, or contamination of
the target might be the explanation.

Adding oxygen to the sputtering process of undoped as well
as of hydrogen doped ZnO increases the resistivity with in-
creasing oxygen content. While the undoped films get al-
most instantly insulating for small oxygen contents (arrows
in Fig. 4), the hydrogen-oxygen reactive gas mixture enables
the possibility to adjust the carrier density to any value be-
tween 1014 and 2× 1020 cm−3. The carrier density declines
significantly for oxygen contents above 0.045 which coincides
with the change in growth behavior detected in the structural

FIG. 5. (Color online) Mobility of the free carriers (µ) plotted against
the carrier density (n). Solid, dashed and dotted lines represent fitting
results using grain boundary limited transport theory.

investigations. For carrier densities below 1016 cm−3 the de-
pendence on the oxygen fraction gets less pronounced until
the film resistivity becomes too high to perform further mea-
surements. The electrical properties were independent of the
substrate used and in additional measurements we also found
that the carrier density is not affected by the film thickness
(not shown).

The dependence of the hall mobility on the carrier density
is shown in Fig.5 for the hydrogen doped films. For densities
above 1018 cm−3 it steadily increases reaching values up to 23
cm2/Vs. Such a behavior can be attributed to grain boundary
limited transport and was observed in aluminum doped poly-
crystalline ZnO thin films.33,34 For even higher carrier den-
sities scattering at ionized impurities may become dominant
in ZnO, which would decrease the mobility again,35 but this
range is not reached in our samples.

The first comprehensive description of barrier limited trans-
port was given by Seto36 to explain the results for polycrys-
talline silicon. He assumed aδ -shaped density of trap states
in the band gap forming a Coulomb barrier with an ener-
getic height ofΦB by capturing electrons from the bulk (in
n-type material). This simple model was further improved
by Baccaraniet al.37 considering a continuous distribution
of trap states. In both models the transport is dominated by
thermionic emission across the grain barriers leading to anef-
fective mobility given by

µeff = µ0exp

(

−
ΦB

kBT

)

(1)

whereT andkB are the temperature and Boltzmann’s constant,
respectively. The prefactorµ0 is regarded as the in-grain mo-
bility and is given by

µ0 =
e·L√

2πm∗kBT
(2)

whereL is the grain size. Equation (2) leads to rather high
values which have not been observed for polycrystalline ZnO
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(e.g.µ0 ≈ 2000 cm2/Vs for 100 nm grains at RT). Therefore
µ0 is commonly treated as a fitting parameter.34,35

To calculate the barrier height Seto derived two expressions
assuming on one hand the case of a completely depleted grain
where all carriers are captured in the traps and on the other
hand the situation where the traps are completely filled and
the excess electrons remain in the volume of the grain. The
former describes the situation fornL < QT and the later for
nL > QT wheren is the carrier density andQT the surface
trap density. The barrier height is then given by36

ΦB =
e2L2n
8εε0

for nL< QT (3)

and

ΦB =
e2Q2

T

8εε0n
for nL> QT (4)

wheree is the elementary charge, andεε0 is the static dielec-
tric constant.

According to the theory our mobility data were fitted for
the casenL > QT by adjustingQT and µ0 which influence
the onset and slope of the mobility limit, respectively. Best
results were achieved by treating the films with different
grain sizes separately leading toQT ≈ 9×1012 cm−2 and
µ0 ≈ 40 cm2/Vs for the “big grains” (solid line in Fig.5)
andQT ≈ 2×1012 cm−2 andµ0 ≈ 8 cm2/Vs for the “small
grains” (dashed line in Fig.5). These trap densities are in the
range commonly observed for polycrystalline ZnO thin films
which are between 1×1012 and 3× 1013 cm−2 (see Ref. 38
and references therein).

For the in-grain mobility we have to consider that it might
not be constant for all films with similar grain sizes. This may
especially be the case for the “big crystallites” with a highcar-
rier density and can explain the wide scattering of the mobility
values in this range. Therefore the values forµ0 andQT that
we obtained should be regarded as upper limits. Nevertheless,
it seems reasonable that the in-grain mobility is lower in the
smaller crystallites as it is proposed by Eq. (2).

Despite the rather good description fornL > QT the data
for low carrier densities (nL < QT ) cannot be fitted satisfy-
ingly (dotted line). Neither the predicted mobility drop at
nL = QT (≈ 1× 1018 cm−3) shows up nor the increase to
µ0 ≈ 8 cm2/Vs for the lowest carrier densities is observed
in the experiments. Instead the mobility is rather constantat
about 1 – 2 cm2/Vs.

To gain further information on the conduction mechanisms
we performed temperature-dependent Hall-effect measure-
ments. In Fig.6 the carrier density (upper graph) and the
mobility (lower graph) of several films are plotted against the
inverse temperature. The carrier density becomes temperature
independent for densities above 5× 1018 cm−3 which is typi-
cal for a degenerated semiconductor where the FermiεF level
enters the conduction band. This transition to a metallic-like
behavior is given by Mott’s critical density39 and for ZnO it is
commonly found to be in the mid 1018 cm−3 range. For den-
sities below, a semiconducting behavior is observed leading
to a freeze out of the free carriers at low temperatures (reverse

FIG. 6. (Color online) Carrier density (n) (upper graph) and Hall-
mobility (µ) (lower graph) plotted against the reciprocal temperature
for films with different room temperature carrier density.

triangles, Fig.6, upper graph). By fitting the slope of the data
points in the Arrhenius plot we obtained an activation energy
of 43 meV which is on the order of the values reported for
the hydrogen donors in ZnO and matches almost perfectly to
the 42 meV donor observed by Lavrovet al.9 However, one
should keep in mind that the activation energy derived from
Hall-effect measurements cannot necessarily be traced back
to a single donor species.

Assuming thermionic emission over grain boundary barri-
ers as the dominant transport mechanism the mobility should
be energetically activated. The Arrhenius plot visualizessuch
a behavior around room temperature (Fig.6, lower graph).
The thermal activation is getting less significant with increas-
ing carrier density, and therefore higher mobility. This isin ac-
cordance with Seto’s model since the barrier height should de-
crease in this range. But the results reveal also that thermionic
emission alone cannot describe the complete temperature de-
pendence sufficiently since the decrease of the mobility is get-
ting less pronounced for low temperatures. In addition, theac-
tivation of the mobility vanishes for the highest carrier density
around 1× 1020 cm−3.

This behavior can be explained by assuming additional tun-
neling of carriers through the barrier. It leads to a temper-
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FIG. 7. (Color online) Spectral transmittance of highly conductive
(solid line,n= 2× 1020 cm−3) and an insulating (dashed line) film.
The inset shows the square of the absorption coefficient in the band
edge region.

ature independent fraction of the total mobility. The mobil-
ity rises above this constant value at high temperatures where
thermionic emission gets dominant. Tunneling of carriers is
strongly affected by the barrier’s width and therefore the ef-
fect is more pronounced for samples with high carrier den-
sities and smaller barrier widths. Tunneling effects were re-
ported also for polycrystalline aluminum doped ZnO by sev-
eral groups and also found to be dominant especially for high
carrier densities28,29,40which is in agreement with our results.

For films with carrier densities below Mott’s critical density
the temperature dependence of the mobility could not be an-
alyzed satisfyingly since the freeze out of the carrier leads to
a high resistive behavior and therefore to large measurement
errors at low temperatures (cf. Fig.6, lower graph, reversed
triangles).

C. Optical properties

Figure7 shows exemplarily the transmittance spectra of a
highly conductive hydrogen doped film (n= 2×1020 cm−3,
blue dashed line) and an insulating film deposited with addi-
tional high oxygen flow (black solid line). The reduced trans-
mittance of highly doped films in the near infrared region is
attributed to absorption and reflection by free carriers. The
onset of the decay in transmittance depends on the plasma
frequency which increases with increasing carrier densityand
therefore shifts to lower wavelengths. For high carrier den-
sity also a blueshift of the fundamental absorption is observed
(inset Fig.7).

In order to explain the energy position of the optical-
absorption onset in a doped system several effects have to be
taken into account:41 (i) In the case of high doping, the Fermi
level enters the conduction band and, consequently, electrons
can no longer be excited from the valence band maximum to
the minimum of the conduction band. Instead higher energies
are needed to reach unoccupied states. This so-called Pauli

blocking leads to anincreaseof the optical band gap which is
referred to as Burstein-Moss shift (BMS).42,43(ii) In addition,
the free electrons in ann-doped material screen the electron-
electron interaction which leads to a band gap narrowing that
counteracts the widening due to the BMS. This effect is called
band gap renormalization (BGR) and also has to be taken into
account. (iii) The screening of the electron-electron interac-
tion due to the free electrons also influences41 the binding en-
ergy and the oscillator strength of bound excitonic states that
are characteristic for undoped ZnO.44–46Both the binding en-
ergy and the oscillator strength are strongly reduced in the
presence of free electrons.41 (iv) In materials very similar to
ZnO, such as SnO247 or nitride semiconductors,48 free-carrier
absorption plays a role and can, in the case of high doping,
even form the onset of the optical absorption.47 However, due
to the energy distance of the lowest conduction band and the
second-lowest one in ZnO this effect is negligible for the free-
electron concentrations studied in this work.

Considering the effects (i) – (iii), the optically detected
band gap energy in a system with free electrons is given by

Eg(n) = EZnO
g +∆EBMS(n)+∆EBGR(n)−Eexc

B (n). (5)

In this equation,EZnO
g is the gap of undoped ZnO (3.35 eV

was used in this work),∆EBMS(n) and∆EBGR(n) describe the
BMS and the BGR, respectively, and the binding energy of the
lowest bound excitonEexc

B (n) is subtracted. In order to com-
pute∆EBMS(n) and∆EBGR(n) we rely on the electronic struc-
ture of ZnO computed within the LDA+U+∆ approach before
(see Ref. 49 for details). This method allows to achieve the
very fine sampling of thek space that is necessary to resolve
free-electron densities of about 1017 cm−3.

Using the band- andk-dependent eigenvaluesεn(k) we
determine thek-space volume that corresponds to occupied
conduction-band states as a function of the position of the
Fermi level within the conduction band. The energy dif-
ference of the lowest unoccupied conduction-band state and
the corresponding valence-band state together with the occu-
piedk-space volume (that can straightforwardly be related to
a doping concentrationn) leads to the BMS as depicted in
Fig. 8(a). We showed previously50 that this procedure is su-
perior to merely computing the BMS from a parabolic two-
band model due to the strong direction-dependence and non-
parabolicity of the lowest conduction band.

In order to compute the BGR within anab-initio frame-
work, it is necessary to take into account the influence of the
free-carrier-induced screening. In order to avoid the veryhigh
computational cost of performing, for instance,GW calcu-
lations for many different doping concentrations along with
the very finek-point sampling, we rely on the description by
Berggren and Sernelius.51 They model the BGR as

∆EBGR(n) =−
e2kF

2π2εε0
−

e2qTF

8πεε0

[

1−
4
π

arctan

(

kF

qTF

)]

.

(6)
The Fermi wave vectorkF and the Thomas-Fermi wave vector
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FIG. 8. (Color online) The dependence of the Burstein-Moss shift
(a) and the band-gap renormalization (b) as derived from theab-initio
calculations are given as a function of the free-electron density (black
dots). This data is interpolated [solid lines in (a) and (b)]and com-
pared to the experimental results (c). The dashed curve in (c) also
accounts for the influence of excitonic effects.

qTF are computed according to:

kF =
3
√

3π2n, (7)

qTF =

√

e2

ε0εeff
·

∂n
∂εF

. (8)

The term∂n/∂εF is again derived from theab-initio band
structure as a function of the free-electron concentrationand
in Fig. 8(b) the result for∆EBGR(n) is depicted.

Figure8(c) shows the dependence of the detected optical
band gap energy on the carrier density along with the theoret-
ical curve taking the BMS and the BGR into account (solid
line). This figure shows that the agreement of experiment
and theory is particularly good for free-electron concentra-
tions larger than 1018 cm−3. The discrepancy for smaller
doping levels can be explained by excitonic effects that have

not been taken into account so far. The binding energy of
the lowest bound excitonic state is about 60 meV in undoped
ZnO52 and decreases rapidly with an increasing free-electron
concentration.41 Here we use the data for the dependence
of the binding energy on the free-electron concentration de-
rived from the solution of the Bethe-Salpeter equation (tak-
ing the occupation of the lowest conduction-band states and
the screening due to the free electrons into account) in Ref.
41 to approximateEexc

B (n) [cf. Eq. (5)]. The dashed line in
Fig. 8(c) agrees impressively well with the experimental data
points over the entire range ofn and, hence, can explain the in-
fluence of free electrons in the conduction band on the optical
band gap.

IV. CONCLUSIONS

We showed that using a hydrogen-oxygen reactive gas mix-
ture is suitable to adjust the carrier density of ZnO thin films
deposited by radio frequency magnetron sputtering to any
value between 1014 and 2×1020 cm−3. The analysis of the
structural properties revealed that the lateral grain sizeof the
polycrystalline films decreases dramatically for oxygen con-
tents of the sputtering gas above a critical value of 4.5 %.
The room temperature and temperature dependent Hall-effect
measurements showed that the carrier transport is dominated
by thermionic emission over Coulomb-barriers created by sur-
face trap states at the grain boundaries. Additional tunneling
effects have to be considered to fully describe the tempera-
ture dependence of the Hall mobility.Ab-initio calculations
including Burstein-Moss shift, band gap renormalization,and
excitonic effects were employed to describe the dependence
of the optical band gap energy on the carrier density and are
in excellent agreement with the experimental data.
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